Synthetic nonwovens can be used in filter bed bioreactors, where they participate in both mechanical and biological sewage treatment. Filtration allows separation of mineral particles larger than nonwoven pores, while its biological clogging (as a result of biological membrane growth) ensures proper BOD 5 reduction [2] . The process of clogging lump formation strictly affects flow reduction through the filter, but also improves the clarification of the effluent [3] . Due to the preferential properties of synthetic nonwovens as carriers for biological membrane biomass, they are more commonly used in hybrid purification plants rather than as independent treatment systems [4] . The process of nutrient removal in this type of MBR reactor is significantly less understood than the process of organic substances reduction, and strictly depends on the specificity of the nonwoven filter construction. Different types of MBR bioreactors will be characterized by varying efficiencies of nutrient removal. Aerobic conditions play a major role in the nitrification and denitrification processes and have a direct impact on the level of reduction or increase in nutrient concentration in treated sewage [5] . Guo et al. [6] presented the results of their investigations of fluidized bed biofilter employing nonwoven bedding material. They obtained in the research a significant BOD 5 along with nutrient reduction.
Other types of suspended sprinkled non-woven beds are still a novelty on the market of wastewater treatment and studies on their construction and appropriate dosage of wastewater onto the surface of the bed are still ongoing [8] . The nonwoven components used in the MBR bioreactors are economically most reasonable, therefore they are an alternative to MBBR and SBR treatment plants, even with often less efficient sewage treatment [9] .
Due to the variety of properties and conditions (nonwoven thickness and type, supply regime, type of wastewater) there is a very wide range of potential research directions for nonwoven filters technology. Similar to what is described in this paper, types of filters have already been investigated; however, those studies were carried out under other conditions for other thicknesses and other constructions [10] [11] [12] [13] . Nonwoven filters can potentially be useful in practice as a device for septic tank effluent treatment, and significantly reduce the risk of clogging. Clogging is one of the main problems occurring in the case of wastewater discharging to the ground, as was evidenced by numerous publications on this subject [14] . There are also studies indicating the significant effect of this type of filter on the removal of fibrous particles from wastewater. These particles are also indicated as one of the significant causes of clogging [15] . Moreover, nonwoven filters can remove dissolved organic compounds with relatively high efficiency [16] . Likewise, it is worth noting that organic compounds are a significant part of septic tank effluent content [17] .
Materials and Methods
In this paper, the authors present the results of studies on nutrient removal from household sewage in two groups of experimental nonwoven filters fed gravitationally. The first group of reactors, R1-R3 (Fig. 2a) , was fed quasi-continuously (once per hour), and almost complete submergence of the reservoir with wastewater was maintained. The R4-R6 filter system (Fig. 2a) was fed once every 12 hours in order to expose both sides of the nonwoven fabric and to improve the oxygen balance of the biological membrane.
The development of biological membrane (biofilm) was the first stage of research -i.e., the stage of bed startup. It is a key element in wastewater treatment in the applied technology. The kinetics of development and functioning of the membrane and its metabolism are closely dependent on oxygen conditions and substrate load [18] . Models of transport and substrate concentration changes in the steady-state biological membrane are shown in the zero-, first-, and secondorder differential equations [18] . The excessive membrane growth and increase in thickness after exceeding critical values (2-3 mm) result in decreased efficiency of treatment, due to the deterioration of conditions of substrate diffusion to the inner membrane parts [19] . After reaching the stage of mature biofilm form (Fig. 3) (with the abundance of EPS), the nonwoven bed was considered to have started up, and household sewage treatment efficiency tests began. After this stage, the natural process is peeling off the excess membrane fragments and their deposition on the reactor bottom, hence the reactors had to be cleaned from the secondary sludge in order to prevent organic matter purification.
The aim of the conducted study was to determine the effect of aerobic conditions on the nutrient removal efficiency in treated sewage in nonwoven bioreactors, and to assess the efficiency of nutrient removal in treated sewage in the started-up nonwoven filter.
Characteristics of the Experimental System
In the first reactor system, R1-R3, the dosing took place once per hour for 20 seconds. The very slow retention of sewage through the nonwoven fabric provided almost complete submergence of the reservoirs throughout the study period. In the R4-R6 group, the effluent dosage took place every 12 hours (also for 20 seconds) in order to expose the nonwoven fabric and to improve the aerobic conditions for treatment. The capacity of each bioreactor was V = 1.5 dm 3 , while the surface of the nonwoven filter in plan A = 189 cm 2 . In each filter, at least one surface of the nonwoven fabric was exposed (outer side), which allowed the membrane to actively transport oxygen for aerobic microorganisms. Polyfelt TS 20 nonwoven fabric filter was used for the experiment.
Each bioreactor had a nonwoven filter made of two Polyfelt TS 20 geotextile layers, surface attached on metal cubes, adapted for the needs of the nonwoven bioreactor. The effluent was dosed under hydrostatic pressure and then passed through the nonwoven filter. Each nonwoven fabric on one (inner) side had contact with raw sewage and on the other (outer) -with atmospheric air. The wastewater was both mechanically filtered and purified by the biological membrane on the nonwoven fabric.
Anoxic conditions prevailed in all reactors. The R4-R6 group of filters, as a result of a long period of the membrane exposure, showed a negative effect of the upper part over-drying and mechanical perforation of the nonwoven fabric, which negatively affected the wastewater treatment process in this layer. The measurements were performed using treated sewage from the bottom part of the nonwoven fabric in the group, which was not subjected to over-drying.
Conducted Measurements
Sewage for the study originated from a detached house and was collected after the septic tank in the period from December 2012 to June 2013. For all types of sewage (raw and treated) the nutrient levels were determined and basic physicochemical parameters were measured: -Total nitrogen -Kjeldahl method with sample mineralization, ammonia nitrogen, nitrite and nitrate nitrogen, as well as phosphates by a colorimetric method on Spectroquant NOVA 60 spectrometer. -Physicochemical parameters pH, O2, red-ox.
The following equipment was used for the above-described measurements: Spectroquant NOVA 60 (Merck) spectrometer, FOSS Tecator Kjeltec nitrogen mineralizer and distiller, CP-315 pH-meter and a CX-401 (Elmetron) multifunction device. The results between the groups were compared with the t-Student test in Statistica.
Results

Changes in the Sewage Flow through Filters
The analyses were conducted for 9 groups for ammonia nitrogen and 4 for Kjeldahl nitrogen in measurement sessions during full catalysis of the biological membrane in the nonwoven filter of the bioreactors (Table 1) . Both the mechanical and biological clogging process of the nonwoven filter reduced the sewage flow through the nonwoven fabric surface. Throughout the study period, the flows remained at 0.1-0.02 dm 3 •h -1 , which ensured the adequate contact of wastewater with the biological membrane. For both groups, R1-R3 as well as R4-R6, treated sewage from the properly functioning membrane was tested, therefore in both cases the retention level was similar.
Changes in the Concentration of Ammonia and Kjeldahl Nitrogen
In most experimental groups the results indicate the reduction of ammonia and Kjeldahl nitrogen as compared to raw sewage. Significantly better results were obtained for the group of reactors with full submergence of the nonwoven fabric from the inside (Figs 4 and 5) ( Table 1) . Despite the apparent Fig. 4 . Changes in mean concentrations of ammonia nitrogen ions in raw wastewater, in filters, and after treatment for both experimental groups (R1-R3 and R4-R6). tendency for nitrification in the R1-R6 system in most measurements it is impossible to unanimously conclude based on the conducted study whether the process is stable enough to assure the proper reduction degree of ammonia nitrogen.
Changes in the Concentration of Nitrate (III) and Nitrate (V) Ions
Figs 6a) and b) show the changes in the concentrations of (III) and (V) nitrate ions, which indicate the course of the nitrification process. In both the group of reactors with full submergence and with periodic dosage every 12 hours, the differences between sewage in the bioreactor and treated sewage can be observed.
However, statistical analyses do not clearly indicate whether the differences between the concentrations of both ions in treated wastewater for both experimental groups are significant or not (Table 1) . Only some measurement sessions show such differences, while in the others the differences are not statistically significant (Table 1) .
Changes in Phosphate (V) Concentrations
Phosphate concentrations during the study period were characterized by high variability. Fig. 7 shows the differences in phosphate (V) concentrations between sewage treated and supplied to the filters. The reduction in the concentrations of the tested ions between raw and treated sewage was observed in each measurement session. These differences are statistically significant; therefore the reduction level for both systems was determined and the two experimental groups were compared (Fig. 7 , Table 1 ). The efficiency of phosphate reduction on R1-R3 filters was from 15.4% to 58.3%, while for R4-R6 filters it was within the range 14.7-44.6% (Fig. 7) . Fig. 6 . a) Changes in mean concentrations of nitrate (V); and b) nitrate (III) ions in raw wastewater, in filters, and after treatment for both experimental groups (R1-R3 and R4-R6). Fig. 7 . a) Changes in mean concentrations of orthophosphate ions in raw wastewater, in filters, and after treatment for both experimental groups (R1-R3 and R4-R6) and, b) the efficiency of reduction of orthophosphate ions in wastewater fed to the filters and treated on nonwoven fabric. was demonstrated, and results of these studies have also been published [20] . In the case of nutrients, the removal of most nitrogen and phosphorus forms from sewage became efficient after the startup period of the biological membrane (as a result of biological clogging). The decrease in flows significantly improved the efficiency of wastewater treatment by extending the substrate's contact with the biological membrane [1] . The anaerobic conditions in the filter caused high levels of ammonia nitrogen to be maintained; nevertheless, its reduction in the nonwoven bed is noticeable (Fig. 4) . The beneficial effect was also observed in the reduction of Kjeldahl nitrogen concentration, as its level in treated sewage is higher than the ammonia nitrogen reduction rate, which may indicate an intense reduction of organic nitrogen in the biological oxidation process [2] (Fig. 5, Table 1 ). Due to the zonal oxygen availability, i.e., only in the outer part of the nonwoven fabric, the nitrification conditions are favorable in the limited range only. An increase in the concentration of nitrate ions and reduction of nitrate (III) ions can be observed in treated sewage. Their mutual relationship may result Mean Changes in pH at the Inflow and Outflow from Nonwoven Filters
The changes of pH in dosed sewage and treated sewage for both groups are presented in the graph (Fig. 8 ). Statistical tests with Student's t-test confirmed that pH differences between dosed and treated wastewater are statistically significant (Table 2) . Changes in red-ox values indicate the treatment process and are characteristic of the process of organic compounds reduction in biological oxidation (Fig. 8b, Table 2 ). In both experimental groups, the concentration of dissolved oxygen indicated anoxic conditions inside bioreactors and ranged from 0.11 to 0.38 mg•dm -3 (Fig. 8a ).
Mean Changes in Nutrient Level at the Inflow and Outflow from Nonwoven Filters
Analyses of the nutrient removal efficiency in household sewage were carried out simultaneously with the reduction of organic substances in the same test cycle. A significant level of COD and BOD 5 removal carrier for biological membrane [11, 24] . Significant differences in red-ox values were also observed between treated and dosed sewage, indicating the oxidation and reduction processes in the treatment process (Fig. 8 , Table 2 ). Also, the changes in pH indicate the positive effect of sewage treatment in this type of reactor (Fig. 8) .
Unfortunately, with the non-woven filter scheme used, the quality of treated sewage with respect to the analyzed nutrients still did not meet the requirements specified in the standard for treated wastewater [25, 26] . When considering the studies on vertical flow sand filters [27] , hybrid systems could be developed that would combine them with the solution presented in this study. The investigated systems may be used in the phased additional sewage treatment. It is proposed to use such systems for the treatment or additional treatment of sewage with relatively low loads of beds with organic pollutants expressed in the values of COD and BOD 5. from the kinetics of transformations in the nitrification zone (Fig. 6) . Anaerobic conditions in bioreactors may favor denitrification if nitrate and nitrite ion diffusion rates also occur in this direction. This would promote the removal of nitrogen from sewage and explain the reduction of ammonia nitrogen levels by nitrification and denitrification [21] . The growth of biological membrane also favors the assimilation of a part of nitrogen forms into biological structures of the biofilm [21] [22] [23] . The phosphorus reduction rate was variable and ranged in all reactors from 11% even up to 57% (Fig. 7b) . A decrease in phosphate (V) ion concentrations was observed in all experimental groups (Fig. 7a) . In all experimental groups, the effect of nitrogen and phosphorus removal in treated sewage on the nonwoven filter (with started-up biological membrane - Fig. 2 ) was obtained. Due to the specificity of the nonwoven bioreactors' construction, also the literature reports provide very variable levels of nutrient reduction in treatment plants with the nonwoven fabric as a 
